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Introduction
Cardiac Na + channels (Nav1.5) generate inward Na + current (I Na ), which is responsible for the depolarization of atrial and ventricular action potentials (APs) (1, 2) . Inward rectifier current (I K1 ) is generated by homo-and/or heterotetramers of Kir2.1, Kir2.2, and Kir2.3 channels. I K1 is critical for the setting resting membrane potential (RMP) and, to a lesser extent, the duration of AP (APD) during the final phase of repolarization (3) . In the 1950s Weidmann (4) established that the encompassed voltage-dependent activity of I Na and I K1 is a major determinant of cardiac excitability and conduction velocity. Furthermore, we demonstrated that the functional expression of Nav1.5 and Kir2.1/Kir2.2 channels is reciprocally regulated (5) (6) (7) (8) , a mechanism that probably strengthens control of ventricular excitability.
There are many inherited cardiac rhythm disturbances (i.e., BrS, progressive cardiac conduction defect, idiopathic ventricular fibrillation, sick sinus node syndrome, atrial fibrillation, and sudden infant death syndrome) (2, 9, 10) that result from loss-of-function mutations in the SCN5A gene, which encodes human Nav1.5 channels. Many Nav1.5 mutants fail to properly traffic to the myocyte membrane or generate channels with gating defects, both resulting in reduced I Na density (1, 2, 9). Some such mutations also produce Cardiac Nav1.5 and Kir2.1-2.3 channels generate Na (I Na ) and inward rectifier K (I K1 ) currents, respectively. The functional I Na and I K1 interplay is reinforced by the positive and reciprocal modulation between Nav15 and Kir2.1/2.2 channels to strengthen the control of ventricular excitability. Loss-of-function mutations in the SCN5A gene, which encodes Nav1.5 channels, underlie several inherited arrhythmogenic syndromes, including Brugada syndrome (BrS). We investigated whether the presence of BrS-associated mutations alters I K1 density concomitantly with I Na density. Results obtained using mouse models of SCN5A haploinsufficiency, and the overexpression of native and mutated Nav1.5 channels in expression systems -rat ventricular cardiomyocytes and human induced pluripotent stem cell-derived cardiomyocytes (hiPSCCMs) -demonstrated that endoplasmic reticulum (ER) trafficking-defective Nav1.5 channels significantly decreased I K1 , since they did not positively modulate Kir2.1/2.2 channels. Moreover, Golgi trafficking-defective Nav1.5 mutants produced a dominant negative effect on Kir2.1/2.2 and thus an additional I K1 reduction. Moreover, ER trafficking-defective Nav1.5 channels can be partially rescued by Kir2.1/2.2 channels through an unconventional secretory route that involves Golgi reassembly stacking proteins (GRASPs). Therefore, cardiac excitability would be greatly affected in subjects harboring Nav1.5 mutations with Golgi trafficking defects, since these mutants can concomitantly trap Kir2.1/2.2 channels, thus unexpectedly decreasing I K1 in addition to I Na .
a dominant negative effect (DNE); i.e., they decrease the expression/function of native (WT) subunits. A DNE, although unexpected, considering that each Nav1.5 channel is functional by itself, has been explained on the basis of possible WT and mutated subunit interactions (1, 11) . Since Nav1.5 also interacts with Kir2.1/2.2 (5, 6), it seems reasonable to investigate whether patients carrying SCN5A mutations that encode loss-of-function channels also have altered expression of Kir2.1-2.2 channels and consequently reduced ventricular I K1 density. Another key question is whether Kir2.1-2.2 channels are able to restore the membrane expression of mutated Nav1.5 channels.
To answer the above questions, we systematically assessed the changes in I Na and I K1 generated in the presence of Kir2.x channels alone or together with WT or BrS-associated mutated Nav1.5 channels. We used an expression system, rat ventricular cardiomyocytes (CMs) and human induced pluripotent stem cell-derived CMs (hiPSC-CMs), as well as mouse models of SCN5A haploinsufficiency and Kir2.1 overexpression. Our results demonstrated that endoplasmic reticulum (ER) trafficking-defective Nav1.5 channels significantly decreased I K1 , since they did not positively modulate Kir2.1/2.2 channels. Moreover, Golgi trafficking-defective Nav1.5 mutants produced a DNE on Kir2.1/2.2 and, thus, an additional I K1 reduction. On the other hand, ER trafficking-defective Nav1.5 channels can be partially rescued by Kir2.1/2.2 channels through an unconventional secretory route that involves Golgi reassembly stacking proteins (GRASPs). Therefore, cardiac excitability would be greatly affected in subjects harboring Nav1.5 mutations with Golgi trafficking defects, since these mutants can concomitantly trap Kir2.1/2.2 channels, thus unexpectedly decreasing I K1 in addition to I Na .
Results
Kir2.1 overexpression rescues Nav1.5 current in transgenic mice. To test whether an I Na decrease occurs concomitantly with an I K1 decrease (reciprocal modulation), we first used the transgenic mouse models Kcnj2OE +/-and Scn5a +/-, which had been previously created and functionally characterized (12, 13) . Kcnj2OE +/-mice overexpress the KCNJ2 gene, which encodes for Kir2.1 channels (12) . Scn5a +/-mice present a heterozygous targeted disruption of the SCN5A gene (see Supplemental Methods) and recapitulate most of the features of BrS (13) . Additionally, we successfully obtained the new Kcnj2OE
+/-mouse line, whose genetic distribution was that of Mendelian inheritance (Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/jci.insight.96291DS1). As expected, I K1 was significantly larger in Kcnj2OE +/-than WT CMs at all voltages tested ( Figure 1 , A and B) (n ≥ 7, P < 0.05), and in Scn5a +/-CMs I Na density was halved compared with WT at all voltages tested ( Figure 1 , C and D) (n ≥ 10, P < 0.05). Importantly, Figure 1B shows that in Scn5a +/-mouse hearts, I K1 density was actually significantly lower than in WT and Kcnj2OE +/-mouse hearts. On the other hand, the I Na density recorded in Kcnj2OE
+/-CMs was significantly greater than in Scn5a +/-CMs and indistinguishable from that in WT ( Figure 1, C and D) . Thus, I Na was completely rescued to normal in Kcnj2OE
+/-mouse hearts. However, the effects of the heterozygous decrease in Nav1.5 expression on I K1 density might be different than those produced by the presence of Nav1.5 loss-of-function mutants.
Cotransfection of Kir2.x may rescue Nav1.5 current generated by trafficking-defective mutants. Figure 2A shows a topological diagram of the Nav1.5 channel (locus NM_198056.2) depicting the location of residues whose loss-of-function mutations or polymorphisms were tested here. Figure 2B shows Nav1.5 current (I Nav1.5 ) traces generated in CHO cells transfected with WT or some of the mutated human Nav1.5 channels (1.6 μg) together with the ancillary hNavβ1 subunit (1.6 μg). Indeed, Nav1.5 channels, both WT and mutated, were always transfected together with the hNavβ1 subunit. p.D1690N and p.G1748D mutations, located at the pore region in the fourth domain of the channel (Figure 2A ), have been found in compound heterozygosity in a BrS patient (14) . Moreover, the p.H558R polymorphism was present in one allele of this proband, in addition to the p.D1690N mutation (14) . p.D1816VfsX7 is a frameshift mutation that suppresses 201 amino acids of the Nav1.5 C-terminal domain, which was responsible for an overlapping phenotype (including idiopathic ventricular fibrillation, bradycardia, intracardiac conduction delay, atrial fibrillation, and BrS) in a large Spanish family (15) . All 3 mutations, located at the fourth domain or the C-terminus, reduced channel trafficking toward the plasma membrane, which together with channel gating abnormalities (very intense for the p.G1748D mutant) accounted for the reduction in I Nav1.5 density ( Figure  2B ) (14, 15) . Interestingly, both p.D1690N and p.G1748D (which resulted in the most marked I Nav1.5 reduction) mutants produced a DNE when coexpressed with WT channels (14) . Conversely, the p.D1816VfsX7 mutation did not produce DNE, since cotransfection with WT channels (0.5:0.5 ratio) resulted in "haploinsufficiency," i.e., it reduced the current density by just ≈50% (15) . Figure 2 , C-E, depicts the maximum I Nav1.5 densities generated by WT, p.D1690N, p.G1748D, and p.D1816VfsX7 channels in the absence and presence of human cardiac Kir2.1 ( Figure 2C ), Kir2.2 ( Figure  2D ), and Kir2.3 ( Figure 2E ) channels in transiently transfected CHO cells. Coexpression of Nav1.5 and Kir2.x channels was tested electrophysiologically and by fluorescence detection, and only cells coexpressing both channels were patched. Coexpression with Kir2.1 (1.6 μg) or Kir2.2 (1.6 μg) significantly (n ≥ 9, P < 0.05) increased the maximum I Nav1.5 density generated by WT (Figure 2 , C and D, and Supplemental Figure  2) . Similarly, coexpression with Kir2.1 and Kir2.2 also positively modulated the current density generated by trafficking-defective Nav1.5 mutant channels such as p.D1690N (P < 0.05) (Figure 2 , C and D). However, current generated by p.D1690N when coexpressed with Kir2.1 or Kir2.2 channels was still significantly lower than that generated by WT Nav1.5 coexpressed with Kir2.x (P < 0.05). Conversely, cotransfection with Kir2.1 or Kir2.2 failed to increase the I Nav1.5 density generated by p.G1748D or p.D1816VfsX7; i.e., the positive reciprocal modulation was absent for these 2 Nav1.5 mutants (Figure 2, C and D) . Furthermore, the results demonstrated that cotransfection with Kir2.3 (1.6 μg) did not positively modulate I Nav1. 5 at any of the voltages tested (Supplemental Figure 2) , and thus the I Nav1.5 generated when Kir2.3 and Nav1.5 channels were coexpressed was similar to that generated by Nav1.5 channels alone ( Figure 2E ) (n ≥ 8, P > 0.05). Consistent with this finding, the presence of Kir2.3 channels did not modify the I Nav1.5 density generated by p.D1690N, p.G1748D, and p.D1816VfsX7 channels ( Figure 2E ).
Kir2.x currents are reduced in the presence of trafficking-defective Nav1.5 channels. Figure 3A shows Kir2.1 current (I Kir2.1 ) traces generated in CHO cells transfected with Kir2.1 alone or together with p.D1690N, p.G1748D, or p.D1816VfsX7. Figure 3 , B-D, shows I Kir2.1 density-voltage curves, and the insets show the current density generated at physiologically relevant membrane potentials recorded in cells cotransfected or not with mutant Nav1.5 channels. Figure 3E depicts I Kir2.1 density at -120 mV to better appreciate the differences under each condition. I Kir2.1 density generated in cells cotransfected with p.D1690N Nav1.5 was similar to that generated by Kir2.1 alone (Figure 3 , A and E) at all voltages tested ( Figure 3B ) (P > 0.05). Therefore, p.D1690N Nav1.5 did not positively modulate Kir2.1 channels. Figure 3A shows that cotransfection with either p.G1748D or p.D1816VfsX7 Nav1.5 channels not only abolished the positive Figure 3 , C and D), but also significantly reduced I Kir2.1 density compared with that generated by Kir2.1 alone ( Figure 3E ) (P < 0.05).
For comparison, we also tested the effects of the cotransfection with other loss-of-function Nav1.5 channels on I Kir2.1 density ( Figure 3F ). The p.R878C mutant did not generate current at all as a consequence of a gating defect, even when it properly trafficked toward the plasma membrane (16) . Figure 3F shows that cotransfection of p.R878C with Kir2.1 also positively modulated I Kir2.1 density (P < 0.05). We previously demonstrated that currents generated by p.H558R-D1690N Nav1.5 channels were indistinguishable from those generated by native channels, since p.H558R-D1690N properly traffics toward the membrane (14) . Consistent with this finding, cotransfection with p.H558R-D1690N Nav1.5 channels also increased I Kir2.1 density (Figure 3, B and F) . The same occurred with the cotransfection of native and p.H558R Nav1.5 channels with Kir2.1 channels (Figure 3F) . That is an interesting result considering that the heterozygous presence of the polymorphism is very common in the general population. Clatot and coworkers (17) described a Nav1.5 point mutation (p.R104W) in the N-terminus that generated channels that are barely expressed in the cell membrane. Figure 3F shows that p.R104W channels failed to positively modulate the expression of Kir2.1 channels.
As described previously (6), cotransfection with Nav1.5 channels significantly increased the current generated by Kir2.2 (I Kir2.2 ) but not that generated by Kir2.3 (I Kir2.3 ) channels (Supplemental Figure  3) . Consistent with this finding, I Kir2.3 density measured at -120 mV was not affected when Kir2.3 was cotransfected with any of the 3 trafficking-defective Nav1.5 mutants tested (Supplemental Figure 3) . Conversely, I Kir2.2 density was significantly decreased when Kir2.2 channels were cotransfected (C-E) Peak I Nav1.5 density recorded in cells expressing WT or mutated Nav1.5 channels alone (black circles) or together (white circles) with Kir2.1 (C), Kir2.2 (D), or Kir2.3 (E) channels. Each bar represents the mean ± SEM of n cells from at least 3 different batches, and each dot represents 1 experiment. One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons. *P < 0.05 vs. Nav1.5 WT alone; # P < 0.05 vs. Nav1.5WT+Kir2.x; δ P < 0.05 vs. p.D1690N alone.
with p.G1748D and p.D1816VfsX7 Nav1.5 channels compared with the current generated by Kir2.2 channels alone (n ≥ 5, P < 0.05). p.D1690N, on the other hand, was unable to positively modulate I Kir2.2 (Supplemental Figure 3) . Thus, cotransfection with the loss-of-function Nav1.5 mutants similarly affected I Kir2.2 and I Kir2.1 . In summary, the foregoing results suggest that cotransfection with Nav1.5 loss-of-function mutant channels that properly traffic toward the membrane positively modulates I Kir2.1/2.2 . Conversely, cotransfection with Nav1.5 mutant channels that do not properly traffic either abolishes the positive modulation or produces an additional I Kir2.1/2.2 decrease, i.e., a DNE on Kir2.1/2.2 channels. Hereafter, we mainly focus on the interactions of Kir2.x with p.D1690N, p.G1748D, and p.D1816VfsX7 Nav1.5 channels, which were selected as models of Nav1.5 loss-of-function trafficking-defective mutants that do or do not produce DNEs on I Nav1.5 and/or I Kir2.1/2.2 . (E and F) I Kir2.1 density at -120 mV generated in cells transfected with Kir2.1 channels alone or together with WT or mutated Nav1.5 channels. For comparison, data from cells cotransfected or not with WT Nav1.5 channels are also presented in F. Each data point/bar represents the mean ± SEM of n cells from at least 3 different batches, and each dot (in E and F) represents 1 experiment. One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons. *P < 0.05 vs. Kir2.1 alone; # P < 0.05 vs. Kir2.1+Nav1.5 WT.
Nav1.5 mutants produce DNEs on I K1 in adult rat ventricular CMs.
To test for the effects of Nav1.5 mutants on cardiac I K1 and I Na , we overexpressed WT (Ad-Nav1.5) and trafficking-defective Nav1.5 channels in rat ventricular CMs using adenoviral constructs. Control CMs were infected with an adenoviral construct encoding GFP (Ad-GFP) alone. I Na density almost doubled in CMs infected with Ad-Nav1.5 (Supplemental Figure 4 , A and B) (n ≥ 35, P < 0.05). I Na recorded in Ad-p.D1690N-and Ad-p.G1748D-infected CMs significantly decreased compared with that in Ad-Nav1.5-infected CMs. Furthermore, Ad-p. D1690N-and Ad-p.G1748D-infected CMs also exhibited decreased I Na compared with Ad-GFP-infected CMs (Supplemental Figure 4 , A and B), a result that can be explained by the fact that both mutants produce DNEs on WT Nav1.5 channels (14) . Infection of CMs with Ad-p.D1816VfsX7 did not significantly modify I Na density relative to Ad-GFP, consistent with the fact that this mutant does not produce a DNE on WT channels (15) . However, Ad-p.D1816VfsX7 infection of CMs significantly decreased I Na relative to Ad-Nav1.5 (n ≥ 15, P < 0.05) (Supplemental Figure 4, A and B) . Additionally we tested the effects of overexpression of each mutant on the voltage dependence of I Na activation and inactivation (Supplemental Figure 4, C and D) . Overexpression of p.G1748D and p.D1816VfsX7 Nav1.5 channels significantly shifted the midpoint of the activation and inactivation curves toward more depolarized potentials (Supplemental Table 1 ), while overexpression of WT or p.D1690N did not modify either the activation or inactivation of the I Na . These results are in perfect agreement with the effects described for these mutants on voltage-dependent gating of I Na (14, 15) .
Supplemental Figure 5 , A and B, demonstrates that the effects of overexpression of the Nav1.5 mutants on I K1 recorded in adult rat ventricular CMs were identical to those obtained in CHO cells. Indeed, the I K1 density recorded in CMs infected with Ad-p.D1690N was not different from that generated in Ad-GFPinfected CMs, but it was smaller than that generated in those infected with Ad-Nav1.5 (n ≥ 18, P < 0.05). Conversely, infection with either Ad-p.G1748D or Ad-p.D1816VfsX7 significantly decreased I K1 compared with Ad-GFP-infected CMs. These results confirmed that p.G1748D and p.D1816VfsX7 produce a DNE on Kir2.1/2.2 channels that therefore produces a significant I K1 reduction.
We also recorded APs in rat ventricular CMs overexpressing or not WT and mutated Nav1.5 channels. Figure 4A shows illustrative superimposed AP traces recorded in 3 CMs infected with Ad-Nav1.5, Ad-p.D1690N, and Ad-p.G1748D particles, respectively. Infection with Ad-Nav1.5 hyperpolarized, while infection with either Ad-p.G1748D or Ad-p.D1816VfsX7 depolarized, RMP compared with that of CMs infected with Ad-GFP ( Figure 4B ). Indeed, only overexpression of p.D1690N channels did not modify RMP significantly (n ≥ 8, P > 0.05). AP amplitude (APA) was significantly increased by the overexpression of WT Nav1.5 channels ( Figure 4C , n ≥ 7, P < 0.05), while it was decreased by overexpression of those mutants that produce a DNE on I Na , i.e., p.D1690N and p.G1748D (n ≥ 8, P < 0.05). AP duration (APD) was measured at 20% (APD 20 p.G1748D, but not p.D1690N, exerts a DNE on Kir2.1 in hiPSC-CMs. We used adenoviral gene transfer in hiPSC-CMs to confirm in human CMs the results obtained in CHO cells and in rat CMs. We selected the p.G1748D mutant because of its significant DNE on I K1 (similar to that produced by p.D1816VfsX7 channels); the p.D1690N mutant, which produced DNE on I Na but not I K1 ; and the p.R878C mutant, which positively modulated I Kir2.1/2.2 . We used mature hiPSC-CMs from 2 different origins, i.e., custom made in our laboratory (DF19-9-11T) (18) (infected with Ad-p.G1748D) and commercial (iCell 2 ) (infected with Ad-p. D1690N and transfected with p.R878C) (see Supplemental Methods). Since the densities of I Na and I K1 recorded in noninfected hiPSC-CMs of the 2 groups were not identical, the results are presented separately. Figure 5A shows I Na traces recorded in hiPSC-CMs infected or not with adenoviral constructs encoding Nav1.5 WT or p.G1748D; and Figure 5B , I Na traces recorded in hiPSC-CMs infected with adenoviruses encoding either WT or p.D1690N and transfected with p.R878C Nav1.5 channels. As expected, infection with Ad-Nav1.5 produced a significant increase in I Na ( Figure 5 , A, C, and D), while infection with Ad-p.G1748D and Ad-p.D1690N markedly decreased I Na density (n ≥ 7, P < 0.05) ( Figure 5 , A-D) compared with that generated by noninfected hiPSC-CMs as a result of the DNE produced by p.G1748D and p.D1690N on Nav1.5 WT channels (14) . Conversely, liposomal transfection with p.R878C significantly decreased the I Na generated by hiPSC-CMs compared with that generated by CMs overexpressing Nav1.5 channels, but not compared with that generated by noninfected cells ( Figure 5, B and D) . Infection with Ad-Nav1.5 also markedly increased the total I K1 density, demonstrating that the reciprocal modulation between I Na and I K1 is also observed in hiPSC-CMs (Figure 5 , E, G, and H). Interestingly, infection with Ad-p.G1748D (Figure 5 , E and G), but not with Ad-p.D1690N ( Figure 5 , F and H), significantly decreased (by ≈32%) the density of total inward potassium current compared with that generated in noninfected hiPSC-CMs (n ≥ 5, P < 0.05) ( Figure 5, G and H) . On the other hand, the total inward potassium current generated in hiPSC-CMs transfected with p.R878C channels was indistinguishable from that generated in human CMs overexpressing Nav1.5 channels ( Figure 5, F and H) .
APs were also recorded in hiPSC-CMs, which exhibited spontaneous automatic activity (Supplemental Figure 6) (18) . Infection with Ad-Nav1.5 significantly reduced automatic firing frequency (n ≥ 6, P < 0.05), while infection with Ad-p.G1748D significantly increased it (n ≥ 7, P < 0.05) (Supplemental Figure 6) . On the other hand, transfection with p.R878C Nav1.5 channels and infection with Ad-p.D1690N, respectively, decreased (n ≥ 12, P < 0.05) and did not significantly modify automatic activity compared with that of noninfected cells (Supplemental Figure 6 ). Figure 6A shows superimposed APs recorded at 37°C in 3 hiPSC-CMs cells driven at 1 Hz and infected or not with Ad-Nav1.5 and Ad-p.G1748D. Infection with Ad-Nav1.5 significantly hyperpolarized maximum diastolic potential (MDP), increased APA, and shortened APD 90 ( Figure 6, B-D) . Conversely, infection with Ad-p.G1748D significantly depolarized MDP, decreased APA, and prolonged APD 90 (P < 0.05 vs. Nav1.5 WT and noninfected cells) ( Figure 6, B-D) . Figure 6E shows superimposed APs recorded at room temperature in 3 hiPSC-CMs cells driven at 1 Hz and infected or not with Ad-Nav1.5 and Ad-p.D1690N. Compared with Ad-Nav1.5-infected hiPSC-CMs, Ad-p.D1690N depolarized MDP, diminished APA, and lengthened APD 90 (Figure 6 , F-H, n ≥ 11, P < 0.05). Conversely, and also compared with Ad-Nav1.5-infected hiPSC-CMs, p.R878C channels did not significantly modify either MDP or APD 90 ( Figure 6 , F and H, n ≥ 13, P < 0.05)
Mechanistic insight. The results suggested that trafficking-defective Nav1.5 mutants either do not reciprocally modulate (p.D1690N) or produce a DNE (p.G1748D and p.D1816VfsX7) on I K1 . We hypothesized that such different behaviors may depend on the intracellular compartment in which the individual trafficking-defective channel is "trapped." Thus, it might be that mutants retained in the ER or in the Golgi are those that produce a DNE on I K1 .
Trafficking-defective mutants that are retained at the ER can be rescued by incubation either at room temperature or with a chemical "chaperone" such as 4-phenylbutyrate (1) . We previously demonstrated that expression of p.D1816VfsX7 Nav1.5 channels is not modified by either maneuver (15) . Here, we functionally tested whether p.D1690N and p.G1748D present trafficking defects at either the ER or the Golgi. As illustrated in Figure 7 , A and B, CHO cells transfected with p.D1690N, but not p.G1748D, showed Figure 5 . Effects of trafficking-defective Nav1.5 mutants on sodium current and inward rectifier current generated in human induced pluripotent stem cell-derived cardiomyocytes. (A and B) Sodium current (I Na ) traces recorded in DF19-9-11T (A) or in iCell 2 (B) human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) expressing or not Ad-Nav1.5 WT or Nav1.5 mutants by applying 100-ms pulses from -160 mV to potentials ranging between -80 and +45 mV in 5-mV steps (A) or 50-ms pulses from -120 mV to potentials ranging between -90 and +40 mV in 5-mV steps (B). (C and D) Mean peak current density-voltage curves for I Na recorded in DF19-9-11T (C) or in iCell 2 (D) hiPSC-CMs expressing or not (black circles) Ad-Nav1.5 WT (white circles) or p.G1748D (white triangles), p.D1690N (white diamonds), and p.R878C (white squares). (E and F) Inward rectifier current traces recorded in DF19-9-11T (E) or in iCell 2 (F) hiPSC-CMs expressing or not Ad-Nav1.5 WT or Nav1.5 mutants by applying 400-ms (E) or 250-ms (F) pulses from -40 mV to potentials ranging between -120 and -40 mV in 10-mV steps. (G and H) Mean current density-voltage curves for the inward rectifier current recorded in DF19-9-11T (G) or iCell 2 (H) hiPSC-CMs expressing or not Ad-Nav1.5 WT or the indicated Nav1.5 mutants. In A, B, E, and F, dashed lines represent the zero current level. In C, D, G, and H, each point represents mean ± SEM of n experiments from at least 5 different dishes. One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons.*P < 0.05 vs. noninfected; # P < 0.05 vs. Ad-Nav1.5.
significantly increased I Nav1.5 density when incubated at 25°C ( Figure 7A ) or in the presence of 4-phenylbutyrate (5 mmol/l) ( Figure 7B ). We also studied the effects of MOG1, a guanine nucleotide release factor for Ras-related nuclear protein (Ran), which interacts with Nav1.5 channels and increases their expression at the cell membrane (19) . Recently it has been described that MOG1 restores the defective trafficking of the Nav1.5 mutants that are retained at the ER (20) . Figure 7C demonstrates that cotransfection with MOG1 significantly and selectively increased I Nav1.5 density generated by p.D1690N but not I Nav1.5 generated by either the p.G1748D or p.D1816VfsX7 channel.
Together with functional analysis, we determined the intracellular localization of p.D1690N and p.G1748D channels by immunofluorescence. Figure 7 , D and E, shows the intracellular distribution of p.D1690N in 2 different cells. A high degree of colocalization with the resident ER chaperone calnexin was observed, suggesting that p.D1690N is retained and, in most cells, accumulated (see the accumulations in the cell shown in Figure 7E ), in the ER. As a consequence, p.D1690N channels did not colocalize with One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons. *P < 0.05 vs. noninfected; # P < 0.05 vs. Ad-Nav1.5.
the Golgi marker (Supplemental Figure 7) . On the other hand, transient expression of p.G1748D channels resulted in local intracellular accumulations (Figure 7 , F and G) that colocalized with the Golgi marker mCherry-Golgi, suggesting that these channels transit through Golgi and from there are sorted and retained in the Golgi itself, in cargos possibly targeted for degradation ( Figure 7G ). p.G1748D did not colocalize with the ER marker (Supplemental Figure 7) . Interestingly, it would seem that p.G1748D induced stress at the ER, considering the unusual ER distribution (in local clusters) observed with calnexin (Supplemental Figure 7) . Overall, these results strongly suggest that p.D1690N channels exhibit a traffic defect at the ER, whereas p.G1748D (and probably p.D1816VfsX7) at the Golgi. Together the results support the hypothesis that Golgi trafficking-defective Nav1.5 mutants are those that produce a DNE on Kir2.1 channels.
Why do Nav1.5 mutants with trafficking defects at the Golgi produce a DNE on Kir2.1 channels? As an initial step to answering the above question, we explored the trafficking of Nav1.5 and Kir2.1 channels when they were transfected either alone or together. First we treated Nav1.5-, Kir2.1-, and Nav1.5-Kir2.1-transfected cells with brefeldin A (BFA) (50 ng/ml for 24 hours), a fungal metabolite that specifically blocks the forward movement of newly synthesized membrane proteins from the ER to the Golgi ( Figure 8A ) (21) . Before BFA treatment, I Kir2.1 generated by either Kir2.1 alone or cotransfected with Nav1.5 channels averaged -129.8 ± 18.1 and -199.6 ± 17.2 pA/pF, respectively. I Nav1.5 generated by Nav1.5 alone or cotransfected with Kir2.1 channels was -214.9 ± 26.1 and -466.3 ± 42.1 pA/pF, respectively. Figure 8B depicts I Kir2.1 and I Nav1.5 densities recorded after 24-hour incubation with BFA (BFA-resistant current). After incubation, I Kir2.1 and I Nav1.5 Figure 7 . p.D1690N and p.G1748D are endoplasmic reticulum and Golgi trafficking-defective channels, respectively. (A and B) Maximum Nav1.5 current (I Nav1.5 ) density generated by p.D1690N and p.G1748D channels in CHO cells incubated at 37°C (black circles) or 25°C (white circles) (A) or in the presence (white circles) or absence (black circles) of 4-phenylbutyrate (B). (C) Maximum I Nav1.5 density generated by WT or mutated Nav1.5 channels cotransfected (white circles) or not (black circles) with MOG1. *P < 0.05 vs. p.D1690N without treatment. Each bar represents mean ± SEM of n cells from at least 3 different batches, and each dot represents 1 experiment. Unpaired t test and multilevel mixed-effects model were used for comparisons. (D and E) Colocalization of Nav1.5 p.D1690N-GFP channels and the endoplasmic reticulum (ER) marker calnexin in 2 different COS cells representative of 3 different dishes. In D, inset images are included to make low-contrast highlighted regions visible. (F and G) Colocalization between Nav1.5 p.G1748D-GFP channels and the Golgi marker mCherry-Golgi in 2 different COS cells representative of 3 different dishes. Cell contours are delineated in gray for enhanced visualization. Scale bars: 25 μm. generated by Kir2.1 and Nav1.5 channels alone significantly decreased (n ≥ 6, P < 0.05). Importantly, after BFA treatment, cotransfection with Nav1.5 channels significantly increased I Kir2.1 density (n ≥ 7, P < 0.05) and vice versa (n ≥ 6, P < 0.05). Therefore, incubation with BFA did not abolish the positive reciprocal modulation between Kir2.1 and Nav1.5 channels. Since BFA blocks classical membrane protein trafficking without interfering with unconventional secretory routes ( Figure 8A) (21, 22) , the BFA-resistant current would represent that generated by those channels that could reach the plasma membrane through an unconventional Golgi-independent pathway. Nav1.5 channels can reach the plasma membrane via both the classical and an unconventional pathway (23) . Otherwise, it has been demonstrated that the cAMP-activated cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel can reach the plasma membrane through an unconventional mechanism that is dependent of GRASPs (22) . Thus, we explored whether GRASPs could be involved in the trafficking of the channels responsible for the positive reciprocal modulation. We used siRNAs to reduce the expression of GRASP55, the isoform that is present in CHO cells (they lack the GRASP65 isoform) (22) . Expression of GRASP was markedly reduced in cells transfected with siRNA1 (~65%), and its specific effects were confirmed by using a scrambled siRNA (Supplemental Figure 8) . I Kir2.1 (n = 21, P < 0.05) and I Nav1.5 (n = 7, P < 0.05) densities were significantly reduced in GRASP-silenced cells (Figure 8 , C and D, respectively). Importantly, Figure 8C demonstrates that in GRASP-silenced cells, transfection with Nav1.5 did not increase but rather decreased I Kir2.1 density (n = 11, P < 0.05). Moreover, in GRASP-silenced cells, transfection with Kir2.1 did not increase I Nav1.5 density ( Figure 8D ). Therefore, GRASP silencing abolished positive reciprocal modulation, suggesting that GRASP-dependent unconventional trafficking of Kir2.1 and Nav1.5 channels is involved in this process. Should this occur, it might be possible that those trafficking-defective mutants that are retained at the ER can be rescued by GRASP overexpression, while those with trafficking defects at the Golgi cannot. Thus, in the next group of experiments, GRASP55 was overexpressed together with either p.D1690N or p.G1748D channels, respectively. Indeed, Figure 8 , E and F, shows that overexpression of GRASP55 significantly increased the I Nav1.5 density generated by WT and p.D1690N channels but not by the p.G1748D mutant. Overall, the results suggested that GRASP proteins can rescue trafficking-defective Nav1.5 channels when they are retained at the ER.
Finally, we also tested the role of GRASP55 and GRASP65 in adult rat ventricular ( Figure 9 , A and B) and in hiPSC-derived CMs (Figure 9, C-F) . In CMs the expression of GRASP55 and GRASP65 was significantly and specifically reduced (Supplemental Figure 8) with shRNAs that were included in lentiviral particles. Figure 9 , C and D, shows superimposed I Na and I K1 traces recorded in hiPSC-CMs in which GRASP expression was silenced or not. In other groups of experiments, CMs were infected with Ad-Nav1.5 after GRASP silencing (see Supplemental Methods). Examples of the I Na and I K1 recorded under this condition are shown in Figure 9 , C and D, respectively. The results demonstrated that both I Na and I K1 densities were decreased in rat and hiPSC-derived CMs infected with shRNA-GRASP55/65 (Figure 9, A-F) . Furthermore, in GRASP-silenced rat ventricular and hiPSC-derived CMs, the overexpression of Nav1.5 channels did not concomitantly increase I K1 density, confirming the role of GRASP in the positive reciprocal modulation between Nav1.5 and Kir2.1 channels.
Discussion
Results presented here suggest that BrS patients harboring Golgi trafficking-defective Nav1.5 mutations should show greater reduction in cardiac excitability than patients whose Nav1.5-mutated channels are retained at the ER. Indeed, while all trafficking-defective Nav1.5 mutants decrease I K1 because they do not positively modulate I Kir2.1/2.2 , Golgi trafficking-defective Nav1.5 mutants produce an extra I K1 decrease because they exert a DNE on Kir2.1/2.2 channels. Interestingly, an unconventional GRASP-dependent secretory route seems to be responsible for the positive reciprocal modulation of Nav1.5/Kir2.1/2.2 channels as long as none of these channels have trafficking defects at the Golgi.
We investigated whether loss-of-function Nav1.5 mutants also positively modulate I Kir2.1/2.2 . The initial answer to this question came from a transgenic mouse model of BrS in which heterozygous deletion of the SCN5A gene decreased both I Na and I K1 . However, the mouse model raised the question of whether a 50% reduction in Nav1.5 expression could have consequences different from those produced by loss-of-function mutants.
The results demonstrate that proper trafficking toward the plasma membrane of Nav1.5 channels is a sine qua non condition for the positive reciprocal modulation to occur. In other words, Nav1.5 mutants that do not traffic toward the membrane (such as p.R104W, p.D1690N, p.G1748D, and p.D1816VfsX7) do not positively modulate I Kir2.1/2.2 . Conversely, p.R878C, a loss-of-function Nav1.5 mutant with a gating defect that is expressed in the membrane (16) , positively modulated I K1 in hiPSC-CMs. Consistent with this finding, when p.D1690N trafficking was normalized by the presence of the H558R polymorphism (p.H558R-D1690N) (14) , the positive modulation over I Kir2.1 was also restored. Therefore, in CMs from patients carrying any trafficking-defective Nav1.5 mutation, I K1 generated by Kir2.1/2.2 channels is diminished. Indeed, in hiPSC-CMs expression of p.D1690N did not increase I K1 density as WT channels did, and, as a consequence, the mutant did not significantly hyperpolarize MDP, decrease automatic firing frequency, increase APA, or shorten APD 90 . 1 ) and Nav1.5 (I Nav1.5 ) currents recorded in CHO cells transfected with Kir2.1, Nav1.5, or Kir2.1+Nav1.5 channels after incubation with BFA for 24 hours. (C) I Kir2.1 density at -120 mV recorded in cells in which GRASP55 was silenced or not, transfected with either Kir2.1 or Kir2.1+Nav1.5 channels. (D) Maximum I Nav1.5 density recorded in cells in which GRASP55 was silenced or not, transfected with either Nav1.5 or Kir2.1+Nav1.5 channels. In B-D, *P < 0.05 vs. Kir2.1 or Nav1.5 in control conditions; # P < 0.05 vs. Nav1.5+Kir2.1. (E) Mean current density-voltage curves for I Nav1.5 recorded in cells expressing p.D1690N or p.G1748D cotransfected or not with GRASP55 (GRASP). (F) Maximum I Nav1.5 density generated by WT, p.D1690N, and p.G1748D Nav1.5 channels cotransfected or not with GRASP55. In E and F, *P < 0.05 vs. WT or p.D1690N in the absence of GRASP55. Each bar/point represents mean ± SEM of n cells from at least 3 different batches, and each dot (B-D and F) represents 1 experiment. One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons.
However, it was unexpected that some trafficking-defective Nav1.5 mutants, specifically p.G1748D and p.D1816VfsX7, produced a DNE on Kir2.1/2.2 channels, and thus further decreased I Kir2.1/2.2 . In fact, expression of p.G1748D Nav1.5 channels in hiPSC-CMs driven at 1 Hz led to, along with an APA decrease, a depolarization of the MDP, a significant increase in automatic firing frequency, and a prolongation of APD -effects attributable to the marked I K1 decrease. Therefore, as mentioned, the results presented here provide an example of DNEs between channels encoded by two different genes (SCN5A and KCJN2).
DNE implies that the protein encoded by the mutated allele ("poisoning protein") reduces the activity/ expression of the protein encoded by the WT gene (24) . Therefore, the results would indicate that, at least at some stages (biosynthesis and/or forward and retrograde trafficking), Nav1.5 and Kir2.1 proteins do interact, forming complexes. Indeed, previous results from our group demonstrated that at least a pool of Nav1.5 and Kir2.1 channels form complexes early after their synthesis at the ER (8) and that these complexes, whose cellular biology is regulated differently than that of Nav1.5 and Kir2.1 channels alone (7), exhibit preferential forward trafficking toward the membrane (7, 8) . Interestingly, when a Nav1.5 mutant produces a DNE on Nav1.5, this does not necessarily imply that it concomitantly produces a DNE on Kir2.1/2.2 channels (p.D1690N) and vice versa (p.D1816VfsX7). This reinforces the contention that the biology of Nav1.5-Kir2.1 complexes differs somehow from that of each channel alone, even though the anterograde and retrograde trafficking routes of the complexes are similar to those of Nav1.5 channels alone (7) .
It is accepted that 2 main pools of Nav1.5 channels associated to different scaffolding proteins can be distinguished in cardiomyocytes, which are highly differentiated cells (25) . Results from our group demonstrated that even when both Nav1.5 and Kir2.1 channels bind to SAP97 (5), it is binding to α1-syntrophin (E and F) Maximum I Na density (E) and I K1 density at -120 mV (F) recorded in noninfected hiPSC-CMs (black circles), hiPSC-CMs infected with lentivirus encoding shRNA-GRASP55/65 together (white squares) or not (white circles) with Ad-Nav1.5. In A, B, E, and F, each bar represents mean ± SEM of n cells from at least 5 different batches, and each dot represents 1 experiment. One-way ANOVA followed by Newman-Keuls and multilevel mixed-effects model were used for comparisons. *P < 0.05 vs. scramble or noninfected; # P < 0.05 vs. shRNA GRASP.
that is critical for positive reciprocal modulation to occur (6) . This led us to the hypothesis that Nav1.5-Kir2.1 complexes are preferentially located at lateral membranes, i.e., the membrane domain at which both Nav1.5 and Kir2.1 can be coimmunolocalized with α1-syntrophin (6). Here, however, we did not analyze whether the pools of Nav1.5 channels or Nav1.5-Kir2.1 complexes that are reduced are those that are localized at the lateral membranes or at the intercalated discs.
It has been suggested that some proteins reach the extracellular medium or plasma membrane by unconventional secretory pathways (26, 27) . As mentioned, a pool of Nav1.5 channels can reach the membrane of the cardiomyocyte by means of the unconventional secretory pathway (23) . The functionality of the pool of Nav1.5 channels not exported through the ER-Golgi membrane route is a matter of debate (28, 29) , since the fully glycosylated forms of the channel are generated at the Golgi (23) . Interestingly, a fraction of Nav1.5 channels associated to Kir2.1 are sensitive to endoglycosidase H (8), which removes only high mannose carbohydrates that are incorporated in the ER (22, 30) , thus suggesting that a pool of Nav1.5 channels that form part of the Nav1.5-Kir2.1 complexes also bypasses the Golgi. The unconventional secretory route seems to be mediated by GRASP65 and GRASP55 (26, 27) , which contain 2 PDZ domains at the N-terminus (27) and, besides the Golgi, are located at ER exit sites (31) . The unconventional GRASP-dependent secretory pathway is insensitive to BFA, which selectively inhibits the ER to Golgi trafficking (21) . In our hands, blockade of the ER-Golgi membrane secretory route with BFA reduced both I Nav1.5 and I Kir2.1 , but did not abolish the positive reciprocal modulation of Kir2.1 and Nav1.5. These results led us to hypothesize that the positive reciprocal modulation is mediated by GRASP in such a way that the joint presence of Nav1.5 and Kir2.1 channels might enhance the export of both through the unconventional route (see Figure 8A ). The results demonstrate that when expression of GRASP is silenced, positive reciprocal modulation is abolished in CHO cells and also in rat and hiPSC-derived CMs. On the other hand, the current densities generated by the WT and p.D1690N, but not p.G1748D, Nav1.5 channels can be significantly increased by GRASP overexpression. Our functional and immunolabeling analysis indicated that p.D1690N Nav1.5 channels are retained at the ER, while p.G1748D and p.D1816VfsX7 present trafficking defects at the Golgi. Thus, we hypothesize that those ER trafficking-defective Nav1.5 mutants may be delivered to the membrane via an unconventional GRASP-dependent secretory pathway. Similarly, the trafficking-defective p.Δ508-CFTR anion channel, which is retained at the ER, can reach the plasma membrane through an unconventional mechanism that is dependent of GRASPs (22) . Furthermore, recent data demonstrated that Golgi trafficking-defective Δ314-315 Kir2.1 channels, which are associated to the Andersen-Tawil syndrome because they generate almost no I K1 (32) , produced a DNE on I Na (8) . Gathering all the results, we propose that Nav1.5 channels that are retained early in the secretory route (mainly the ER and/or the cis-Golgi) can be exported together with Kir2.1 channels via GRASP through the unconventional route. Conversely, when Nav1.5 mutant channels do not properly traffic through the Golgi, they concomitantly retain Kir2.1 WT channels, thus producing the observed DNE because they cannot benefit from the GRASP-dependent export route.
Clinical implications. Unlike in ventricles, the presence of Kir2.3 subunits in the human atria precludes the interaction that is seen between Kir2.1/2.2 and Nav1.5 channels (6). Since Kir2.3 channels are more abundant in atria than in ventricles (33), we surmise that in humans Nav1.5 trafficking-defective mutations would decrease I Na in both atria and ventricles, whereas they would decrease I K1 only in ventricles. Unfortunately, this hypothesis cannot be tested using transgenic mouse models, since the mouse heart does not express Kir2.3 channels (34) .
Altogether, the results presented here suggest that patients carrying mutations such as p.G1748D or p.D1816VfsX7 would experience, at least under certain circumstances, a more marked reduction in ventricular excitability because of the combined decrease in I Na and I K1 . It is accepted that the more reduced the excitability, the greater the risk of ventricular arrhythmias. Should this occur, patients carrying Golgi trafficking-defective Nav1.5 mutations will be more prone to experience ventricular arrhythmias than those carrying mutations that do not produce DNE on Kir2.1/2.2 channels. Recently it has been demonstrated that BrS patients with SCN5A mutations exhibit more conduction abnormalities on electrocardiogram and have a higher risk for cardiac events (35) . Furthermore, it has been suggested that depolarization abnormalities can be detected more often in the electrocardiogram of BrS patients with prior ventricular fibrillation/sudden cardiac death (VF/SCD) than in those without VF/SCD (36, 37) . Indeed, the presence of fragmented QRS (f-QRS), which is a marker of depolarization abnormalities and consists of the presence of multiple spikes within the QRS complex, exists more frequently in BrS patients with prior VF than in those asymptomatic or with syncope (36) . More recently it has been suggested that the assessment of the Tpeak-Tend (Tp-Te) interval, a marker of the transmural dispersion of ventricular repolarization (38) or of combined depolarization and repolarization parameters on electrocardiogram (39), may effectively predict risk in BrS patients. Whether patients carrying Nav1.5 mutations that produce DNE on Kir2.1 channels are more prone to present depolarization and/or repolarization abnormalities than those carrying other kinds of loss-of-function mutations merits further analysis.
Some data suggested that there might be a discrepancy between the functional consequences of a mutation in vitro and the phenotype of the affected patients. In fact, patients carrying apparently "benign" mutations sometimes present marked phenotypes and vice versa (40) . Importantly, ER, but not Golgi, trafficking-defective Nav1.5 mutants could be partially "rescued" by Kir2.1/2.2 channels, an effect that can ameliorate the I Na reduction produced by the former. Therefore, Golgi trafficking-defective Nav1.5 mutants would produce a greater reduction in I Na , and as a consequence of cardiac excitability, than ER trafficking-defective mutants.
Limitations of the study. Our study has some potential limitations. First, BrS is mainly due to SCN5A mutations that commonly appear in heterozygosis. Conversely, the results presented here were obtained in heterologous transfection systems, and in rat ventricular and hiPSC-derived CMs in which mutated Nav1.5 channels were overexpressed. However, data from BrS transgenic mice in which one SCN5A allele was deleted also pointed in the same direction. Second, a limited number of SCN5A mutations (5 plus the association of a mutation with the common p.H558R polymorphism) were studied. However, we believe that they are fairly representative of different types of BrS-associated mutations because they exhibit a broad spectrum of phenotypic manifestations (i.e, only traffic or gating defects and traffic defects combined with strong gating defects; mutations producing or not DNE on Nav1.5 channels) and are not located at the same Nav1.5 domain. Third, results obtained at the cellular level should be confirmed in a multicellular setting, since the strong electrotonic interactions among cells could partially compensate the APD prolongation and the resting membrane depolarization produced by the I K1 decrease. In summary, our results suggest that ER trafficking-defective Nav1.5 mutants diminish I K1 , because these mutants are not able to reciprocally increase I Kir2.1/2.2 . Moreover, Golgi trafficking-defective Nav1.5 mutants produce a DNE on Kir2.1/2.2 channels that would lead to a further I K1 decrease. Moreover, Nav1.5 mutants that are retained at the ER can be partially rescued by Kir2.1/2.2 channels via an unconventional GRASP-dependent secretory route. The correlation between, on one hand, the functional effects produced by SCN5A mutations on I Na and I K1 and, on the other, the clinical features in a large cohort of BrS patients is beyond our scope, but would be very important for confirmation of our observations.
Methods
Further information can be found in Supplemental Methods, available online with this article.
Cell culture and transfection. CHO cells (ATCC) were transiently transfected with WT and mutant Nav1.5 or Kir2.x channels by using FUGENE X-tremeGENE (Roche Diagnostics) and cultured as described previously (6, 14, 15, 18) . In all experiments, Nav1.5 channels, both WT and mutated, were transfected together with the hNavβ1 subunit.
Rat and mouse ventricular myocyte isolation. Ventricular CMs isolated from male Sprague-Dawley rats by enzymatic dissociation were infected with adenoviral constructs encoding for human WT and mutant Nav1.5 channels (6). Ventricular CMs were also isolated from male heterozygous Kcnj2-overexpressing (Kcnj2OE +/-) (12), heterozygous SCN5A-knockout (Scn5a +/-) mice generated using previously described methods (41) or a double mutant resulting from cross-breeding both mice (Kcnj2OE +/--Scn5a +/-). Patch clamping. Currents were recorded using the whole-cell patch-clamp technique (6, 14, 15, 18) . Series resistance was compensated manually using the compensation unit of the Axopatch amplifier (Molecular Devices); ≥80% compensation was achieved. No significant voltage errors (<5 mV) due to series resistance were expected with the micropipettes used.
I Na , I K1 , and AP recordings in hiPSC-CMs. Enriched and mature DF19-9-11T hiPSC-CMs generated as described elsewhere (18) and commercial hiPSC-CMs (iCell Cardiomyocytes 2 , Cellular Dynamics) were used and infected with the adenoviral constructs coding WT or mutant Nav1.5 channels. Currents (recorded at 21-23°C) and APs were recorded using the whole-cell patch-clamp technique.
Immunofluorescence and imaging. COS7 cells (ATCC) were cotransfected with Nav1.5-GFP mutants and ER or Golgi markers and thereafter (48 hours) fixed and processed for immunofluorescence (42) .
